Abstract-The synthesis of phosphate-modified zirconia nanoparticles in pores of a polynaphthoylenimidebased membrane material has been carried out via an in situ method. The transport properties of the obtained samples have been studied. It has been shown that doping leads to an increase in the ionic conductivity of the membranes. According to the impedance spectroscopy data, the highest ionic conductivity upon contact with water is reached for samples with a dopant content of 1-2%. At the same time, samples with a higher dopant content retain a sufficiently high conductivity even under air-dry conditions.
INTRODUCTION
The field of application of hybrid materials is extremely wide, namely, water treatment, air purification, electrochemical synthesis, and electric power industry. The use of a hydrogen fuel cell with ion-conducting membranes can substantially decrease atmospheric emission of pollutants during power generation [1, 2] . However, an important problem of such systems is the irreversible sorption of carbon monoxide by platinum at temperatures below 120°C which leads to the poisoning of the catalyst of the fuel cell. This excludes the possibility of using the cheapest hydrogen produced via the conversion of natural gas/methane and alcohols [3] and limits the use of the currently most widespread Nafion perfluorinated membranes [4] which rapidly degrade already at 100°C [5, 6] . At the same time, the ionic conductivity of membrane materials based on polyheteroarylenes doped with phosphoric acid is quite high even at an elevated temperature [7, 8] . Their disadvantages are quite low mechanical strength and wash-out of phosphoric acid by water formed as a result of t fuel cell operation [9] . The synthesis of organic-inorganic hybrid membranes, which in some cases makes it possible to enhance the mechanical strength and ionic conductivity of the material [10, 11] as well as to decrease the wash-out rate of the acid [12] [13] [14] [15] , can be a solution to these problems. An alternative solution can be the synthesis of materials based on polyheteroarylenes with acidic groups which possess intrinsic ionic conductivity. One of such materials is sulfonated polynaphthoylenimide, which has ionic conductivity comparable to that of perfluorinated membranes [16] [17] [18] and is distinguished by increased thermal stability due to the six-membered heterocycle present in its structure [19] . The ionic conductivity of such membranes can also be increased by their doping with inorganic nanoparticles [20] [21] [22] . One of the most promising methods for the preparation of such hybrid materials is the in situ synthesis of nanoparticles, during which the growth of the particles occurs in the pores of a membrane which serve as original nanoreactors and limit the size of the forming particles to several nanometers [23] . The use of a dopant with the surface modified with acidic groups can be very useful in that case. This doping leads to an increase in the ionic conductivity due to the increase in the concentration of carriers and selectivity of transport processes [24, 25] .
The aim of this work was to study the influence of doping with zirconia nanoparticles having the phosphate-modified surface on the transport properties of polynaphthoylenimide-based membrane materials.
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Synthesis of Hybrid Materials Doped by Zirconia Nanoparticles with the Surface Modified by Phosphate Groups
For the synthesis of zirconia via an in situ method, polynaphthoylenimide-based membrane materials obtained according to a procedure [26] were held in zirconium oxochloride solutions with various concentrations (0.002-0.5 mol/L) for 24 h followed by treating with a 0.002 M NaOH solution and rinsing with deionized water. Then the samples were held in 0.3 M H 3 PO 4 for 24 h to modify the surface of the obtained zirconia nanoparticles by phosphate groups and transform the membranes to the protic form, after which they were rinsed with deionized water again.
Investigation Techniques
To study ionic conductivity by impedance spectroscopy, an Elins Z500-PRO impedance meter was used in the frequency range of 10-2000000 Hz. The value of the ionic conductivity was found by extrapolating impedance hodographs to the axis of active resistances. The ionic conductivity of air-dry membranes was measured in a temperature range of 30-200°C, and that of the membranes upon contact with deionized water, in a temperature range of 20-100°C.
The ion-exchange capacity of the samples was determined via direct titration of a 1 M NaCl solution, equilibrated with the membrane, with a 0.002 M NaOH solution. The dopant content and water content of the samples were determined gravimetrically using a Netzsch TG 209 F1 thermobalance in platinum crucibles in air; the sample weight was 20-30 mg; and the annealing temperatures were 800 and 120°C, respectively.
To find the mutual diffusion coefficient, a twocompartment cell filled with 0.1 M solutions of HCl and NaCl separated by a membrane was used. The change in pH was determined using an Ekspert-001 pH meter (Ekoniks). The pH meter was calibrated using standard buffer solutions (pH 1.68, 4.01, 6.86, and 9.18). The time of completion of the experiment was determined by the pH of the solution reaching the steady state.
RESULTS AND DISCUSSION
Within the framework of this work, five samples of membranes with the dopant content varying within 1-11 wt % were obtained and studied (Table 1) . Further increase in the concentration of the solution of the precursor does not lead to any growth in the dopant content, which is associated with the limited exchange capacity of the membrane which limits the sorption of the precursor.
The ion-exchange capacity characterizing the concentration of mobile protons in the membrane somewhat increases when the dopant is intercalated, which is determined by the presence of acidic groups on its surface. The water content is close for all the modified samples and varies from 40 to 45 wt %.
The conductivity of ion-exchange membranes reaches maximum values in a humid atmosphere. It is under these conditions that membranes generally operate in fuel cells, electrodialysis, and some other devices and technologies. Upon contact with water, ionic conductivity increases the most for samples with a low dopant content (Fig. 1) . This is in agreement with the theory of limited elasticity of pores, according to which the intercalation of small dopant particles leads to the widening of the membrane channels and increase in the velocity of ionic transport. This is also confirmed by the decrease in the activation energy of proton conductivity (Table 1) . With the growth in the dopant concentration, a decrease in the ionic conductivity and an increase in the activation barriers for the transport occur, which corresponds to partial blocking The ionic conductivity of membranes is determined by two factors, namely, the concentration of charge carriers and their mobility. Under the experimental conditions, the charge carriers are protons formed as a result of the dissociation of the functional sulfo groups of the membranes and the functionalized surface of the oxide. Their concentration can be characterized by the ion-exchange capacity that somewhat increases in the modified membranes ( Table 1 ). The diffusion coefficient of cations in the membrane matrix can be indirectly characterized by the mutual diffusion of the cations through the membrane. The process of mutual diffusion includes a countercurrent transport of two types of cations through the membrane, with the cation transport primarily occurring within the thin Debye layer localized near the negatively charged walls of the channels, as in the case of the study of ionic conductivity. For all the studied membranes, the mutual diffusion coefficients insignificantly vary to be 2.6-2.9 × 10 −6 cm 2 /s. However, this quantity is determined by the less mobile cation that is most probably represented by sodium under the experimental conditions. Therefore, we believe that it is the proton mobility that is responsible for the increase in conductivity.
According to published data [25] , hybrid membranes are distinguished by enhanced conductivity at a reduced humidity as well. Indeed, a growth in the ionic conductivity is observed for the modified samples in the air-dry state in comparison with the initial membrane (Fig. 2) . In the temperature range of 85-110°C, the conductivity of the sample with the maximum dopant content is 10 −2 S/cm, which is higher than that for Nafion membranes under similar conditions. A sharp drop in conductivity at temperatures above 80°C is observed for the latter, which is due to the dehydration of the membranes. One of the possible reasons for some stabilization of ionic conductivity under the conditions of reduced humidity in the case of intercalation of zirconia particles modified by phosphoric acid groups can be the direct participation of the surface of the dopant particles in the proton transport processes [27] . In addition, the presence of the dopant in the system of membrane pores and channels can prevent them from "collapse" in the case of removal of water, thus promoting ionic transport at elevated temperatures.
CONCLUSIONS
Ion transport in membrane materials based on polynaphthoylenimide doped by zirconia nanoparticles with the phosphate-modified surface has been studied. It has been shown that the modification leads to an increase in the ionic conductivity of the obtained membranes, with the maximum values of conductivity being observed for the samples with the dopant content of 1-2 wt %. This behavior has been rationalized in terms of the model of limited elasticity of membranes pore walls. The air-dry samples of the obtained membranes also have an high conductivity. 
